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Available online 16 July 2013Abstract Endothelial cells (ECs) are an essential component of the hematopoietic microenvironment, which maintains and
regulates hematopoietic stem cells (HSCs). Although ECs can support the regeneration of otherwise lethally-irradiated HSCs,
the mechanisms are not well understood. To further understand this phenomenon, we studied HSC regeneration from
irradiated bone marrow using co-culture with human aortic ECs (HAECs). Co-culture with HAECs induced a 24-fold expansion of
long-term HSCs (CD150+, lineagelo, Sca-1+, c-Kit+; CD150+LSK cells) in vitro. These cells gave rise to functional hematopoietic
stem and progenitor cells (HSPCs) with colony-forming activity, multilineage reconstitution and serial transplantation
potential. Furthermore, HAECs significantly reduced DNA damage in irradiated LSK cells within 24 h. Remarkably, we were able
to delay the exposure of irradiated bone marrow to the regenerative, HAEC-derived signals for up to 48 h and still rescue
functional HSCs. G-CSF is the gold standard for promoting hematopoietic regeneration in vivo. However, when compared to
HAECs, in vitro G-CSF treatment promoted lineage differentiation and regenerated 5-fold fewer CD150+LSK cells. Together,
our results show that HAECs are powerful, direct mitigators of HSC injury and DNA damage. Identification of the HAEC-derived
factors that rescue HSCs may lead to improved therapies for hematopoietic regeneration after radiation injury.
© 2013 Elsevier B.V. All rights reserved.Introduction
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http://dx.doi.org/10.1016/j.scr.2013.07.001damage to hematopoietic stem cells (HSCs) results in bone
marrow failure, which can cause anemia, infection and
hemorrhage in irradiated individuals (Mauch et al., 1995;
Chao, 2007). In addition to its acute effects, the induction
of oxidative stress and DNA damage in HSCs are thought to
underlie the increased risks that irradiated individuals
have for developing long-term complications, including
myelofibrosis, myelodysplasia and acute leukemia (Wang
et al., 2010; Yahata et al., 2011; Ivanov et al., 2012).
Currently, hematopoietic failure following exposure to
1014 D.K. Zachman et al.ionizing radiation is treated with the cytokine granulocyte
colony-stimulating factor (G-CSF) (MacVittie et al., 2005;
Dainiak, 2010); however, in the absence of endogenous
hematopoietic recovery bone marrow transplantation is
the only definitive cure. Thus, discovering the mechanisms
responsible for regenerating HSCs and restoring functional
hematopoiesis may improve future therapies for hematopoietic
radiation injury.
HSCs reside in functional niches within the bone marrow
microenvironment, where their asymmetric division and
differentiation give rise to all blood cell lineages throughout
life (for review, see (Wang and Wagers, 2011)). Coordinate
signals from other cellular components of the hematopoietic
microenvironment modulate HSC proliferation and differenti-
ation through the elaboration of soluble factors and cell
adhesion molecules (Chitteti et al., 2010; Chen et al., 2013;
Nakamura-Ishizu and Suda, 2013). Endothelial cells (ECs) are
microenvironmental components that modulate the prolifer-
ation, self-renewal, and differentiation of HSCs at the vascular
niche (Kopp et al., 2005; Kobayashi et al., 2010). Our group
and others have shown that ECs effectively restore hemato-
poiesis by regenerating irradiated HSCs both in vitro and
in vivo (Chute et al., 2004; Muramoto et al., 2006; Hooper
et al., 2009; Li et al., 2010). However, the mechanisms
and practicality of EC-mediated hematopoietic regenera-
tion are still largely unexplored.
In this study, we used a co-culture system to evaluate
the regeneration of functional murine HSCs by human
aortic ECs (HAECs) following whole body irradiation (WBI).
We report that HAECs rescue hematopoiesis by reversing
DNA damage in primitive hematopoietic cells and
expanding long-term HSCs. Furthermore, we demonstrate
that HAECs can rescue functional HSCs up to 48 h following
HSC radiation injury, whereas G-CSF cannot. Our results
show that HAECs robustly support HSC regeneration
following radiation injury, and that in vitro, their radia-
tion mitigation is superior to G-CSF.
Materials and methods
Mice
Congenic male and female 8–12 week old C57Bl/6 mice were
used in this study. For transplantation experiments, CD45.2
(Ly5.1) or Ly5.1 EGFP+ (TgN(act-EGFP)OsbY01) mice provided
donor bone marrow cells (BMC) and age-matched CD45.1
(Ly5.2) mice were used as transplant recipients. Recipient
animals were maintained on acidified water (pH 2.2) for
1 week prior to irradiation and antibiotic-supplemented
water for 4 weeks following BMC transplantation. Mice
were maintained in accordance with the Institutional
Animal Care and Use Committee at Oregon Health & Science
University.
Cell culture experiments
HAECs (Lonza) were passaged to P3–P5 and then grown to
confluence in EGM-2 (Lonza) in 25 cm2 tissue culture flasks. One
day prior to the experiment, confluent HAEC monolayers were
irradiated with 1200 cGy using a Shepherd 137cesium irradiator
at a rate of 166 cGy/min. On the day of the experiment, BMCwere harvested from mouse femurs immediately after 580 cGy
WBI and kept on ice. Femurs were flushed with ice-cold 3%
serum-modified HBSS, and BMC were washed once before being
stained with Turk's solution and counted using a hemocytom-
eter. BMC single cell suspensions (2 × 106 BMC/5 mL media)
were prepared using EGM-2 supplemented with the following
recombinant murine hematopoietic cytokines (purchased
from Peprotech): 5 ng/mL IL-3, 5 ng/mL IL-6, 60 ng/mL
stem cell factor, 50 ng/mL FMS-like tyrosine kinase 3 (Flt-3)
ligand, 2 ng/mL GM-CSF, and 25 ng/mL thrombopoietin. BMC
suspensions were cultured directly on HAEC monolayers (+EC)
or plastic (−EC) for 7 days in a humidified 37 °C incubator at
5% CO2. In delayed rescue experiments, irradiated BMC were
cultured in supplemented EGM-2 for 24 h or 48 h before being
seeded on HAECmonolayers or plastic for a subsequent 7 days.
For the G-CSF studies, 200 ng/mL human G-CSF (Neupogen)
was added to EGM-2 supplemented with murine hemato-
poietic cytokines. At the end of the 7 day culture period,
supernatants were collected, dishes washed once with
Ca2+/Mg2+-free PBS, and treated with 0.25% trypsin-EDTA
for 1 min at 37 °C to dissociate adherent cells. Cells were
then collected by washing with ice-cold EGM-2, and BMC
were counted as described above. HAECs were excluded
from total counts by their large size. For lineage(Lin)lo,
Sca-1+, c-Kit+ (LSK) cultures, equal numbers of FACS-sorted cells
(2–3 × 104) were seeded into one well of a 24-well plate
containing media only and one well containing media and an
HAECmonolayer. After 24 h of culture, LSK cells were collected
after vigorous pipetting and PBS washes.Flow cytometry and FACS
Flow cytometry analysis was performed on a BD LSR-II flow
cytometer, and data files were analyzed with FlowJo software
(Treestar). For CD150+LSK analysis, 1 × 106 BMC from each
treatment group were stained with the following antibodies
(purchased from eBiosciences unless otherwise indicated):
phycoerythrin (PE)-conjugated CD3, CD4, CD5, CD8 (BD
Biosciences), Mac-1/CD11b, Gr-1, B220, and Ter119 (Linmarker
cocktail); CD150-Brilliant Violet (BV)-421, Sca-1-PE-Cyanine
(Cy)7, and c-Kit-allophycocyanin (APC). All antibodies were
used at 1:100 except Mac-1-PE, Gr-1-PE, B220-PE (1:200) and
CD150-BV-421 (1:50). Propidium iodide (PI) staining was used to
exclude dead cells. Absolute CD150+LSK cells were determined
by multiplying the CD150+LSK cell proportion by the total
BMC number in day 7 cultures for each experimental group.
Peripheral blood (PB) leukocytes from transplant recipients
were either assayed for EGFP fluorescence or stained with
anti-Ly5.1-fluorescein isothiocyanate (FITC) and anti-Ly5.2-APC
to determine host- and donor-derived PB cells; furthermore,
the antibodies Mac-1/Gr-1-, CD3-, B220-PE were used to
determine the proportion of myeloid, T, and B cells, respec-
tively. For secondary transplant experiments, GFP+ c-Kit-APC+
cells were FACS purified from primary recipient BMC isolates
using a BD Vantage cell sorter. For DNA damage studies, BMC
were harvested immediately following radiation exposure and
stained with Lin-PE cocktail, Sca-1-PECy7, c-Kit-APC, and PI,
and live LSK cells were sorted to purity with a BD Influx cell
sorter. Following culture, recovered cells were stained with
Sca-1-PECy7, CD45-FITC and PI, and FACS sorted to purity prior
to further analysis.
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Progenitor cell CFU activity was determined as described
(Li et al., 2010). Briefly, BMC harvested from day 7 cultures
were plated in mouse methylcellulose medium (Stem Cell
Technologies, Inc.) at a density of 2 × 104 BMC/mL in duplicate.
Cells were incubated at 37 °C for 7 days and then colonies were
scored.
Transplantation studies
BMC from day 7 cultures were collected as described above
and transplanted into recipient mice via retro-orbital injec-
tion. 4 × 106 Ly5.1 or Ly5.1 GFP+ BMC/recipient mouse were
transplanted in 3% serum-modified HBSS into Ly5.2 mice
preconditioned with 750 cGy cesium irradiation, and recipi-
ents were followed for up to 30 weeks. For PB engraftment
analysis, mice were anaesthetized with inhaled isoflurane and
PB was collected from the retro-orbital venous plexus.
Erythrocytes were sedimented in 3% dextran for 30 minutes,
supernatants collected, and erythrocytes further excluded by
hypotonic cell lysis using 0.2% NaCl. BMC engraftment and
multilineage reconstitution analysis in transplant recipients
were performed as described above.
Comet assay
To quantify the extent of DNA damage in irradiated LSK cells
after 24 h of co-culture, a Comet assay was performed under
alkaline conditions as described previously (Olive and Banath,
2006), with the modifications detailed below. The alkaline
lysis step was performed overnight at 4 °C. A total volume of
1 mL low melting point agarose containing LSK cells was used
per slide at a density of 1500–2000 cells/slide. Slides were
cooled on ice to facilitate the polymerization of agarose. All
solutions were maintained at 4 °C with the exception of PI
staining solution and washes, and all electrophoresis was also
performed at 4 °C. Low melting point agarose and alkaline
lysis solutions contained 2% DMSO to avoid damage by
ion-catalyzed reactive oxygen species. At least 100 LSK cells
per condition were scored using Comet IV software and an AVT
Marlin Firewire camera. Comet IV software was used to
calculate the Olive Tail Moment.
DNA double strand break analysis
Phosphorylation of the histone variant 2AX at Ser139 (γH2AX)
was used to assess the presence of double-strand DNA breaks
in LSK cells before and after 24 h of culture with or without
HAECs. LSK cells were fixed for 10 min in 2% paraformalde-
hyde, centrifuged, and re-suspended in 150 μL PBS. Fixed LSK
cells were placed on Fisher Superfrost Plus glass slides (at a
minimum density of 2000 cells/slide), and allowed to settle
overnight at 4 °C in a humidified chamber. Cells were
permeabilized in PBS + 0.15% Triton-X-100 for 5 min, washed
once, and blocked for 1 h at room temperature in PBS + 1%
BSA. After blocking, a rabbit anti-γH2AX antibody (1:50, Cell
Signaling) was applied in PBS + 1% BSA for 1 h at room
temperature. Slides were washed twice prior to the addition
of secondary antibody (goat anti-Rabbit Cy3) at a dilution of
1:400, and incubated for 1 h at room temperature. After 2washes, slides were mounted with 100 μL Prolong Gold + DAPI
(Invitrogen), and imaged on a Zeiss Axiovert 200 fluorescent
microscope. For a negative control, irradiated, sorted LSK cells
were fixed at the start of the culture period and stained with
secondary antibody only. Images were taken using an Axiocam
MRMdigital camera, at 100×magnification under oil immersion.
Images were processed using Axiovision v4.8 software. For
scoring γH2AX, at least 100 cells were counted for each
condition using the criteria that b5 punctate spots was γH2AX
negative, and ≥5 punctate spots was γH2AX positive.
Statistical analysis
Data were analyzed using two-tailed Student's t-tests. Statisti-
cal significance was considered at α ≤ 0.05.
Results
HAECs mediate the regeneration of phenotypic HSCs
following radiation injury
To determine whether HAEC monolayers could regenerate
phenotypically-identifiable HSCs in vitro, BMC were harvested
from 580 cGy-irradiated mice and 2 × 106 input cells cultured
in direct contact with HAECs or in the absence of HAECs for
7 days (Fig. 1A). Co-culture with HAECs resulted in a 2-fold
increase in total BMC number (4.0 ± 0.65 ×106 BMC), whereas
BMC cultured in the absence of HAECs did not expand relative
to input (1.9 ± 0.28 ×106 BMC; p = 0.017 vs. +EC; Fig. 1B). To
determine whether the increase in total BMC included an
expansion of the HSC compartment, we analyzed the frequency
of CD150+, Linlo, Sca-1+, c-Kit+ (CD150+LSK) cells, which are
highly enriched for long-term HSCs (Kiel et al., 2005; Chen et
al., 2008). Co-culture with HAECs induced an 18-fold increase in
the proportion of CD150+LSK cells after 7 days. The CD150+LSK
cell expansion was a consequence of a 2-fold increase in the
frequency of Linlo cells, a 3-fold increase in the frequency of
Linlo cells expressing CD150, and a 3-fold increase in the
frequency of Sca-1+/c-Kit+ cells within the LinloCD150+ gate
(Fig. 1C). In total, HAEC co-culture promoted a 24-fold overall
increase in the absolute number of CD150+LSK cells relative to
control (3922 ± 705 vs. 160 ± 16 CD150+LSK cells; p = 0.002;
Fig. 1D). These results demonstrate that HAECs can robustly
regenerate phenotypically-defined HSCs in vitro following
radiation injury.
Co-culture with HAECs rescues BMC containing
functional hematopoietic stem and progenitor cells
To query if the BMC regenerated during HAEC co-culture
contained functional hematopoietic stem and progenitor cells
(HSPCs), we assayed their colony forming activity in methyl-
cellulose and performed serial bone marrow transplantation
experiments (Fig. 2A). Irradiated BMC cultured in the presence
of HAECs had significantly higher colony-forming activity when
compared with control-cultured BMC (27 ± 4 ×103 vs. 3.8 ±
0.7 ×103 CFUs; p = 0.0002; Fig. 2B). Next, we examined HSC
functional activity by transplanting BMC into sublethally
irradiated congenic recipients. Transplantation of HAEC
co-cultured BMC repopulated 20–40% of the PB in primary
Figure 1 HAECs promote the regeneration of cells with hematopoietic stem and progenitor phenotypes. (A) Bone marrow cells
(BMC) were harvested from the femurs of mice treated with 580 cGy 137Cs whole body irradiation (WBI) and cultured in the absence
(−EC, black bars) or presence (+EC, grey bars) of HAEC monolayers (input BMC: 2 × 106 cells). (B) After 7 days in culture, total BMC
were counted and (C) HSCs (Linlo, CD150+, Sca-1+, c-Kit+ (CD150+LSK) cells) were identified by FACS. (D) The absolute number of
CD150+LSK cells recovered on day 7 from 2 × 106 input BMC is shown. Error bars show SEM of 5 independent experiments.
1016 D.K. Zachman et al.recipients over a 16 week period. In contrast, control
cultured BMC contributed only 2.1–4.6% of recipient PB
over the same time period (p b 0.05, Fig. 2C). Furthermore,
analysis of primary recipient PB after 16 weeks of engraft-
ment revealed that HAEC-treated BMC were capable of
multilineage reconstitution (Fig. 2D). T-lymphocytes derived
from HAEC-rescued HSCs constituted a lower frequency thanFigure 2 HAECs rescue long-term repopulating HSCs. (A) BMC harv
the presence or absence of HAECs and then assayed for CFU activi
methylcellulose and absolute CFUs per 2 × 106 input BMC was determ
engraftment of recipients transplanted with BMC cultured in the pres
recipients/group). (D) Primary transplant recipient donor- and host-
BMC cultured in the presence of HAECs. Donor-derived, c-Kit+ ce
transplanted into irradiated secondary recipients. (E) Multilineage he
16 weeks. Error bars show SEM.host-derived T cells (p = 0.012), a finding consistent with our
previous studies showing moderate lymphopenia in EC-rescued
mice (Li et al., 2010). To determine whether the functional
HSCs regenerated through HAEC co-culture were also self-
renewing; donor-derived, c-Kit+ cells were FACS-sorted from
primary recipient bone marrow and transplanted into
sublethally irradiated secondary recipients. Multilineageested from 580 cGy-irradiated mice were cultured for 7 days in
ty and in vivo hematopoietic potential. (B) BMC were plated in
ined (n = 3 independent experiments). (C) Peripheral blood (PB)
ence (open diamonds) or absence (closed circles) of HAECs (n = 5
derived, multilineage hematopoietic reconstitution of the PB by
lls isolated from the bone marrow of primary recipients were
matopoietic reconstitution in secondary transplant recipients at
1017Role of endothelial cells in HSC maintenance and regeneration after radiation injuryhematopoietic reconstitution was detected for up to 16 weeks
in these secondary recipients (Fig. 2E). These results indicate
that ex vivo co-culture of BMCwith HAECs provides an effective
means to regenerate in vivo functional HSCs following injury by
ionizing radiation.HAECs reverse radiation-induced DNA damage in
LSK cells
Ionizing radiation increases cellular oxidative stress and
promotes DNA damage, including double strand breaks (DSBs).
Because excessive DNA damage attenuates HSC self-renewal
(Yahata et al., 2011), we hypothesized that HAECsmaymitigate
radiation-induced hematopoietic dysfunction by reducing DNA
damage in HSPCs. To test this hypothesis, LSK cells were
FACS-sorted from irradiated bone marrow and assayed for DNA
damage following culture with or without HAECs (Fig. 3A).Figure 3 HAECs attenuate DNA damage in LSK cells. (A) LSK cells
and cultured in the presence or absence of HAECs. After 24 h, LSK c
expression, and DNA damage was assessed using γH2AX immunofluo
with the + EC group normalized to 100% (n = 9 independent exper
strand breaks using γH2AX immunofluorescence. Representative im
presence (bottom) of HAECs (scale bar = 5 μm). (D) Quantification
after irradiation (white bar) and after 24 h culture in the presence (g
scored per group (combined results from 4 independent experimen
using a Comet assay. A representative experiment is shown where
independent experiments).Consistent with the 7 day culture results (Fig. 1B), co-culture
with HAEC for 24 h resulted in the recovery of 43% more LSK
cells relative to controls (p = 3 × 10−9, Fig. 3B). Phosphoryla-
tion of the histone variant H2AX (γH2AX) is a sensitive, early
response marker to DNA-DSBs (Mah et al., 2010); therefore, we
assayed DNA-DSBs in irradiated LSK cells by detecting γH2AX
immunofluorescence (Fig. 3C). Nearly all irradiated LSK cells
had DNA-DSBs immediately after irradiation (Fig. 3D). Although
we did not observe a reduction in DNA-DSBs after 3 h of HAEC
co-culture (data not shown), extending the culture period
to 24 h revealed that HAECs effectively reduce DSBs in LSK
cells. Specifically, imaging 24 h after irradiation revealed
the persistence of γH2AX foci in 79 ± 2.6% of LSK cells cultured
in the absence of HAECs; in contrast, only 26 ± 1.1% of LSK
cells cultured with HAECs showed any significant γH2AX signal
(p = 2 × 10−6; Fig. 3D). To further validate these results, we
also measured DNA strand breaks in single cells using an
alkaline Comet assay. HAEC-rescued LSK cells exhibited a 54%were FACS-sorted from 580 cGy-irradiated mouse bone marrow
ells and their progeny were re-sorted based on Sca-1 and CD45
rescence and a Comet assay. (B) LSK cells recovered after 24 h,
iments). (C) Re-sorted LSK cells were assessed for DNA double
ages of irradiated LSK cells cultured in the absence (top) or
of γH2AX-positive cells (≥5 foci/cell) in LSK cells immediately
rey bar) or absence (black bar) of HAECs. At least 100 cells were
ts). (E) DNA damage in re-sorted LSK cells was also determined
N100 LSK cells/group were scored for olive tail moment (n = 3
1018 D.K. Zachman et al.reduction in olive tail moment relative to controls (p = 0.003;
Fig. 3E), confirming that HAECs reduce DNA damage in HSPCs.
Together, these two independent techniques demonstrate
that co-culture with HAECs for only 24 h reverses radiation-
induced DNA damage in a large proportion of LSK cells. These
results suggest that the induction of DNA damage repair is an
early event associated with HAEC-mediated mitigation of
hematopoietic radiation injury.HAECs can mitigate HSC loss and rescue functional
hematopoiesis up to 48 h following radiation injury
Very little is known about how long radiation-damaged HSCs
can survive in the absence of environmental factors that
promote their regeneration; however, this question has
important biologic and therapeutic implications. Therefore,
we sought to determine how long after a post-irradiation delay
the surviving HSCs remained capable of regeneration by
HAECs. To accomplish this, BMC harvested from irradiated
mice were cultured under control conditions for 24 h or 48 h
before transfer to co-culture with or without HAECs (Fig. 4A).
After a 48 h post-irradiation delay, HAECs rescued nearly
4-fold more CD150+LSK cells than control culture conditions
(1026 ± 200 vs. 276 ± 33 CD150+LSK cells; p = 0.006; Fig. 4B).
We then tested the functional activity of rescued HSPCs withFigure 4 HAECs rescue functional hematopoiesis up to 48 h followin
were initially cultured for 24 h or 48 h in control conditions and then c
days. (B) Absolute CD150+LSK cells (per 2 × 106 input BMC) recovered
independent experiments). (C) CFU activity (per 2 × 106 input BMC)
experiments). (D) PB engraftment by 48 h HAEC-rescued BMC for up to
cultured in the absence of ECs provided no measurable level of eng
multilineage hematopoietic reconstitution of the PB by HAEC-rescued Bcolony-forming assays and bone marrow transplantation.
CFU activity was significantly higher in HAEC-treated BMC
compared with control BMC after delays of both 24 h (15 ±
4.1 ×103 vs. 2.9 ± 1.1 ×103 CFUs; p = 0.019) and 48 h (9.4 ±
1.3 ×103 vs. 2.4 ± 0.7 ×103 CFUs; p = 0.0004; Fig. 4C).
Moreover, HAEC co-culture rescued long-term repopulating
HSCs that gave rise to 15–32% of total circulating leukocytes and
multilineage hematopoietic reconstitution for up to 30 weeks
following transplantation into host mice (Figs. 4D–E). In
contrast, after a 48 h post-irradiation delay BMC cultured
under control conditions were incapable of engrafting
transplant recipients (Fig. 4D). These results highlight
the existence of a 48 h window of opportunity during which
endothelial-derived factors can regenerate functional
hematopoiesis.Regeneration of functional HSPCs by HAECs is superior
to G-CSF
The current standard of care therapy for treating unintentional
radiation exposure is G-CSF, which improves early hemato-
poietic recovery in part through HSC mobilization and
differentiation (MacVittie et al., 2005; Dainiak, 2010). To
directly compare their potential to regenerate HSPCs,
HAECs or G-CSF were co-cultured with irradiated BMCg radiation injury. (A) BMC harvested from 580 cGy-irradiated mice
ultured in either the presence or absence of HAECs for 7 additional
after a 48 h post-irradiation delay and 7 days of culture (n = 5
after a 24 h or 48 h post-irradiation delay (n = 5–7 independent
30 weeks following transplantation (n = 5 recipients/group). BMC
raftment (not detectable, N.D., sensitivity = 0.5%). (E) 30 week
MC after a 48 h delay. Error bars show SEM.
Figure 5 HAECs are superior to G-CSF for promoting HSPC
regeneration for up to 48 h after radiation injury. (A) After a 24 h
or 48 h delay, irradiated BMC were cultured in the presence or
absence of HAECs, or with G-CSF. (B) Analysis of BMC by FACS after
7 days of culture showed a relative depletion of Linlo BMC in 48 h
delayed, G-CSF-treated cultures (representative flow histograms
and a mean of 3 experiments are shown). (C) Quantification of
CD150+LSK cells following culture in the presence or absence
of HAECs, or with G-CSF (n = 3 independent experiments).
(D) CFU activity of BMC cultured in the presence or absence of
EC, or the presence of G-CSF, after the indicated delay period
(n = 4 independent experiments). Error bars show SEM.
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previous results (Fig. 1C), HAECs expanded the proportion
of Linlo cells 2-fold to 14 ± 1.0% of BMC, and this was
significantly higher than both control (p = 0.009) and G-CSF
(p = 0.001) treated groups (Fig. 5B). Further phenotypic
analysis showed that HAECs rescue almost 5-fold more
CD150+LSK cells than G-CSF after a 48 h post-irradiation
delay (1107 ± 287 vs. 241 ± 31 CD150+LSK cells; p = 0.04;
Fig. 5C). The superior ability of HAECs to rescue phenotypic
HSPCs in culture correlated with increased functional activity,
as HAEC co-cultured BMC formed 13-fold more colonies than
G-CSF co-cultured BMC (17 ± 4.6 ×103 vs. 1.3 ± 0.5 ×103 CFUs;
p = 0.03) after a 24 h delay prior to HAEC co-culture, and
11-fold more colonies (9.7 ± 1.1 ×103 vs. 0.86 ± 0.17 ×103
CFUs; p = 0.004) after a 48 h delay prior to co-culture (Fig. 5D).
Together, these data show that following a post-radiation injury
delay of up to two days, co-culture with HAEC is superior toG-CSF for enhancing the recovery of phenotypic and functional
HSPCs.Discussion
We have shown that HAECs mediate the recovery of hemato-
poietic function following radiation injury by promoting the
proliferation of functional HSCs and reducing DNA damage.
Relative to control culture conditions, HAEC co-culture
regenerated significantly more CD150+LSK cells from irra-
diated bone marrow; furthermore, HAEC-rescued BMC had
increased long-term hematopoietic reconstitution potential
and contained self-renewing, multilineage-reconstituting
HSCs. For phenotypic identification of HSCs we included the
SLAM family member CD150, which has been shown to
enrich for long-term HSCs within LSK populations (Kiel et al.,
2005; Chen et al., 2008). HAECs expanded the proportion of
CD150+LSK cells in culture by 24-fold (Fig. 1D), and this
increase correlated with a log-fold engraftment advantage for
HAEC-treated BMC relative to control (Fig. 2C).
A remarkable finding from our study is the long window of
opportunity during which irradiated HSCs can be rescued.
Despite the persistence of substantial amounts of DNA damage
in LSK cells (Fig. 3D), a subpopulation of these cells survive for
up to 48 h and are responsive to HAEC-derived factors that
promote HSC regeneration. In the case of unanticipated
exposure to ionizing radiation, the possibility that healthcare
interventionmay not be immediate is clinically important. Our
results show that in the absence of HAEC-derived signals,
irradiated HSCs completely lose their ability to repopulate the
blood of radiation-conditioned recipients after a 48 h culture
delay (Fig. 4D). Notably, the degree to which irradiated BMC
remained capable of producing CD150+LSK cells and active
progenitors was inversely proportional to the length of the
post-irradiation delay. Although we recovered fewer absolute
CD150+LSK cells from BMC cultures that were delayed 48 h
prior to co-culture with HAECs, the percentage of CD150+LSK
cells in day 7 cultures did not change significantly when
compared to BMC cultured immediately on HAECs (data not
shown). Thus, our functional studies show that HSCs
regenerated by HAECs immediately after irradiation (Fig. 2C)
have comparable engraftment potential on a per-cell basis as
HSCs regenerated by HAECs after a post-irradiation delay of
48 h (Fig. 4D). These results suggest that HSC death, rather
than an intrinsic alteration to the quality and engraftment
potential of HSCs, is limiting for the delayed rescue of HSCs
through HAEC co-culture.
Currently, G-CSF is the standard of care for the treatment
of bonemarrow failure from unanticipated radiation exposure
or following chemotherapy. The main therapeutic benefit of
G-CSF is to enhance neutrophil recovery (Dainiak, 2010). It is
less clearwhether G-CSF is a directmitigator of HSPC radiation
damage (Drouet and Herodin, 2010). We found that relative to
HAECs, treatment of isolated, irradiated BMC with G-CSF after
a 48 h delay was less efficacious at promoting the rescue of
CD150+LSK cells. In fact, when G-CSF was added to control
cultures we noted a potentially detrimental effect on the
regeneration of HSPCs. Whereas HAECs significantly expanded
Linlo BMC populations relative to both control and G-CSF
culture, G-CSF actually induced a shift in BMC populations to
the Linhi phenotype, and this caused a non-significant but
1020 D.K. Zachman et al.pronounced (34%) loss of Linlo cells in day 7 cultures (Fig. 5B).
Consistent with this loss of Linlo cells, treatment with G-CSF
did not expand active progenitors (Fig. 5D). This disparate
effect of G-CSF treatment in vitro may be accounted for by
other regulatory signals within the hematopoietic microenvi-
ronment that modulate the granulocytic differentiation or
asymmetric division of HSCs upon G-CSF stimulation in vivo.
Indeed, co-culture of irradiated BMC with HAECs + G-CSF
yielded intermediate levels of CD150+LSK cells and colony-
forming activity compared to either treatment alone (data not
shown), suggesting that HAECs and G-CSF may induce
opposing signaling networks in regenerating HSCs. These
data highlight that the continued discovery of endogenous
signals that regenerate HSCs may improve our ability to
rescue high-fidelity, long-term HSCs with combinatorial
pharmacologic treatment.
We have demonstrated that ECs reverse radiation-induced
DNA damage in HSPCs, and that this reversal is associated with
enhanced bone marrow engraftment and serial transplanta-
tion potential (Figs. 2C–E). We believe these are the first data
to suggest that ECs can induce DNA damage repair pathways
through paracrine or cell-contact signaling. The identity of the
endothelial-derived factor(s) with this activity remains to be
determined. Both basic fibroblast growth factor (FGF-2) and
epidermal growth factor (EGF) have been shown to promote
DNA damage repair in other cell types (Harfouche et al., 2010;
Bai et al., 2012). Interestingly, systemic delivery of EGF to
irradiated mice promotes hematopoietic recovery following
radiation injury (Doan et al., 2013). We did not detect EGF
mRNA in HAECs (data not shown), thus ruling out EGF as a
candidate HAEC-derived radiation mitigator; however, we
cannot rule out the possibility of other ligands signaling
through the EGF receptor. Notably, our basal endothelial
culture medium contains both FGF-2 and EGF. Thus, the
presence of these factors may account for the reduction in
the percentage of HSPCs with DSBs (relative to input cells)
following culture in the absence of HAEC (Fig. 3D). Because
HAECs promote amuch greater degree of DNA repair as well as
HSPC expansion in prolonged cultures, we postulate that
additional factor(s) from HAECs may be working together with
the EGF and/or FGF-2 present in the tissue culture media. To
identify these potential candidates, we have undertaken both
transcriptome and secretome analyses of HAECs.
In conclusion, our findings add to a growing body of evidence
supporting the role of endothelium in HSC maintenance and
regeneration following radiation injury (Montfort et al., 2002;
Chute et al., 2004; Muramoto et al., 2006; Li et al., 2010).
Continued efforts toward identifying endothelial-derived
factors that promote the regeneration of HSPCs may lead to
improvements in long-term hematopoietic outcomes for indi-
viduals exposed to ionizing radiation.
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